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FQKEROBD 



Tills thesis is a continuation of the thesis presented by 
Lieutenant V. J. Christensen, CSC, J3N, in June 1940. 

m the previous experimentation by Lieut. Christensen 
and myself , aany avenues of Investigation were opened. 

Sons of then appeared conventional and others completely 
contrary to existing theories* Mo atteapt can be made to 
explain these phenomena until ouch more information is 
available. 
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EJTRODUCTIOH 



As previous experimentation bad given positive result* 
fro* electrical treatment of clay using eluminum electrodes, 
it ess decided to continue these experiments over a longer 
period of time to determine what cations were driven off, 
end the final liquid end plastic limits after treatment. 

There is one limitation. The cations present in the original 
clay sample are unknown. However, it sews plausible that 
should more than one type of cation be present, each type would 
be replaced in the inverse order of its attraction to the charged 
clay particle. Since the replaced eat ions are carried off in the 
water collected at the cathode, periodic analysis of this water 
will indicate which catlona are replaced. 

Further investigation is to be carried on using magnesium 
electrodes on previously treated clay to determine the effects 
of this metal both on the cetions carried off in the cathode 
water and the plastic and liquid limits of the oley. The final 
investigation is to be similar but copper electrodes are to be 
used on untreated clay. 
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TrEOKY 



The theory or base cation exchange Is based primarily on the Helm- 
holt a concept of the electric double layer around the colloidal particle, 
which states that "the potential is higher the greater the number of 
electric charges on the surface and the larger the average distance of 
the outer layer from the inner" . In other words, the clay particle is 
electro-statically charged either positively or negatively. Assume the 
particle is negatively charged. The water molecules, being dipoles, are 
attracted to the particle with their positive end toward the particle. 

In addition, any cations present will also be attracted to this motecule. 

O’ ■ ~3 kV« J~e s' jfj/OoJe 

<£B> 

I 1. 1 canton 

irom this we eee that multivalent cations will neutralize more of 
these static charges then the lower valenoe cations and therefor# ra- 
ises* some of the adsorbed water. 

Looking further into the theory, we find two types of adsorbed water. 
First there is the broken-bond water which is adsorbed through orienta- 
tion of the water molecules by the free bonds of Al, si, or 0 ions on 
ths axposed edges of a broken crystal lattice. This type of adsorption 
is considered relatively strong. Second, there is planar water which 
is that adsorbed by the un saturated valences or frss elsctrlc fields 
on ths surface of ths sheets of ths crystal lattice. Such water is 
loosely held end le easily expelled at low temperuturea. This type 
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of voter dominates over the broken-bond fort 



The first type is of the greatest Interest in permanent stab ill- 
ation, for if the broken crystal lattice can be filled out, then the 
strongly held voter can be permanently driven out of the elay. Assume 
ve have a kaolinite clay with a noraal crystal lattice ae shown. 

OH pH OH OM 04 04 

s' MX 1 / MX 1 / 

A I At. At- V/ 

\ / |>CI \ / IXI\ 

O o' at/ a> o' o* 

II I | 

S / St' ^5/ S/ 

/iX'\ /iXt\ X 

o ' ^<0 o o o ^ o 



If now, the free bends where the lattice is broken are satisfied, that 
is, if the structure is filled out or bonded to another lattice struc- 
ture, port of the static electrical charge will be removed from the 
elay particle. This in turn will eliminate the broken-bond water. 

A possible "satisfied" structure is shovn. 



0# 0/S O/S 

-'.s', xj; 



J> / S/ 

IX 






04 04 o/S 

s o y// ^ 0 ' ' 0 //+-, Sup/e //£’*/ to 

I J X’ -f !// SA<z 

«S/ Si /ft btSf/Tr/t s,/cfu r<Z 

'Xi x ^ 



To get rid of the loosely held planar water, it is necessary 
to link the elay particles together. Complete dehydration is 
visualised as effecting a union of the olay micelles through oxygen 
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linkages as water is driven off froa the Oh groupings in the sur- 
face* When this type of cementation takes place, the systea is 
very slowly reversible and the rehydration of clay increases slowly 



with tine* 
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Still another method oan be visualized. If a colloid, such 
as aliminua hydroxide or iron hydroxide, is dehydrated between the 
elsy particles, the colloid sots as a c sweating agent binding the 
elsy particles together. The dehydration of the aluminum hydroxide 
or iron hydroxide is almost completely irreversible. 




Im resent experiments, Preset has found indications that clay 
particle a normally charged negatively may became positively charged 



when la the influence or an electric field. die brings forth 
the possibility that anions ea *eil eo cations may be involved 
in stabilisation processes. 
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APPARATUS 



(a.) Power supply - 110 v» DC, 3300 watts 

(b. ) Weston DC Asaeter, 25 amp oapaoity 

(«•) Weston DC Voltaeter, 150 volts oapaoity 

(d.) Test boxes 2* by & by 12” inside dimensions 

is.) Standard liquid limit apparatus 

(f, ) Oreduated cylinders, 1000 ml, 

(g«) Aluminum electrodes, 0.102 ga. annealed 
(h. ) Magnesium electrodes 
(1.) Copper electrodes 
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PSOCLDOEE -OR EAPERI1L .T3 1, 2, and 3 



The clay e*aple we# mixed with water to fora a thick slurry, 
and thee poured into the test boxes around perforated electrodes 
which served also as well points. The electric voltcge was applied 
to the electrodes sod Maintained as nearly constant at 110 v as 
possible. 

•star watch migrated to the cathode wee continuously drained 
off and collected for determination of cation content. Fresh water 
wac introduced at the anode to maintain an abundant supply at all 
times. Treatment was intermittent of necessity but the clay was 
nsvsr allowed to dry out. 

At the completion of the experiment, the liquid and plastic 
limits of samples from both the anode and cathode were obtained. 

The procedure for determination of cations present in the 
water sample is as follows: 

1. Use sure out 50 ml, sample. 

2. lialce alkaline with KH^OH. A white precipitate shows 
presence of aluminum oat ions. If precipitate fonts 
remove by filtration. 

3. Neutralise to litmus with HCl. Add m, of aamoaivmi 
oxalete. Hake solution alkaline with NH^OQ. A white 
prsclpitste shows presence of ealclus. If precipitate 
forms remove by filtration. 

4. Add 1 gm, of ammonium-acld-phoaphete (N L)^HFO^ plus 1/5 
of the volume of NH^OU, 
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Allow to stand on* hour* A whit* precipitate 
■hows presens* of magnesium. If precipitate 
fores, remove by filtration. 

5* Using the filtrate from the above test, a standard 
qualitative analysis for potassium and sodium cations 
mas made. In addition, a flame teat for these two 
cations was mad*. 

The F H of all samples was determined by the Qeelcsmn PH 
suiter before ahtaloal analysis. 
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BXPPRIM£?T 1 



In thio experiment, perforated aluminum cylinders of about two 
inches diameter, fourteen inches long, end spaced twelve inches sport 
were used for electrodes* The clay slurry was poured around thee to 
e depth of about ten inches. A drain hole was located below the center 
of the cathode. 

After the ourrent began to flow and the water started migrating 
to the cathode, fresh water wee added at tho anode to keep an abundant 

supply there at all times. The water collected at the cathode w&e 

analysed about every twenty hours to determine the cation content and 
the HI. For about the firat one hundred fifty hours the only cation 
present wag calcium, which was quits plentiful. From about oca hundred 
fifty hours to about two hundred twenty hours, a smell amount of magne- 
sium appeared. The calcium remained about the same. From two hundred 

twenty hours to two hundred forty hours, only calcium was present. At 

two hundred forty houre, the experiment wee discontinued. 

There were several things of nets. First, in spits of the water 
supply at the anode, the clay shrank in volume oa using shrinkage cracks 
which had to be filled in to keep the currant flowing. As the experi- 
ment progressed, the clay became firmer, going into the plastic state. 
Seoond, toward the end of the experiment, no gee was given off at the 
anode but hydrogen still appeared at the cathode. Third, at the end 
of the experiment, the olay adjacent to the anode and cathode had a very 
granular eppeeranoe and feeling. Fourth, the aluminum eleotrodse had 
almost doubled their original weight due to soale which had formed on them. 



14 - 
























































• H 







(i 
























This satis consisted of both aluminum and calcium coapouads but pre- 
dominantly of aluminum compounds. Inst, the utter drained off at 
the cathode was very basic with a Hi starting at 10.03 and ending 
up at 11.67. 

The plastic and liquid limits of the city ware both increased 
as shoen below: 



the anode; 








Plastic limit 


Liquid limit 


original clay 


21 . 4 % 


31 . 2 % 


treat ad clay 


25 . 7 % 


33 . 5 % 


the cathode s 




Plastic limit 


Liquid limit 


original clay 


21 . 4 % 


31 . 2 % 


treated clay 


24 . 9 % 


40 . 3 % 
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CAThOOE ANCl’C 

ALUM I MUM 



EXPKRIALHT 2 



The clay uaed in experiment 1 was air driea, pulverized, end nix- 
ed with water to fora e thick slurry. Perforated cylindrical magnesium 
electrodes spaced twelve inches apart were placed into the test box and 
the olay poured around them. The current was turned an and fresh water 
supplied to the anode while water driven eff waa collected at the cathode. 
This water wag analysed for cation content at frequent intervale. The 
experiment lasted for forty-four hours with shout cat amp. of current 
flowing. 

In this experiment the water supply at the anode was controlled 
more carefully and the top surface cf the olay was frequently sprinkled 
to compensate for evaporation. Still the clay decreased in volume and 
shrinkage cracks appeared. However, the consolidation took place mush 
more rapidly than in experiment 1, 

Here a^ln there are eevexml things of not*. First, throughout this 
experiment, hydrogen wee given off at the cathode but no gae appeared at 
the anode. Second, the enode was eaten away but the cathode was untouched. 
Third, aluminum compounds were deposited et the enode. Last, the olay ad- 
jacent to the enode end cathode displayed a grainy texture. 

Tfee plaet io sad liquid limits of the olay were both increased as 
shown below t 



At the anode t 



Plastic limit 



Liquid limit 
31.231 

33.551 



original clay 
treated clay 



21 . 4 * 

24 . 5 * 



At the oathode: 



Plastic limit 



Liquid limit 
31 . 2 * 
53 . 7 * 



original olay 
treated clay 



21 . 4 * 

33 . 0 * 
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£XP IrilM XI 3 



Perforated cylindora of eon ©sled copper used as electrodes were 
pieced twelve laches apart In the test box, A thick slurry of the 
original untreated clay was poured around than to a depth of about ten 
inches. The current was turned an and water was supplied to the saods. 
The water driven off at the cathode was collected and tested periodi- 
cally., Throughout this experiment (forty six hours), hydrogen wee given 
off at the cathode and a gas which had the odor of hydrogen sulphide was 
given off at the anode. 

After several hours of treatment, the water at the anode became 
greenish blue in color end was acid with a FH as low as 5*0. Since 
fresh water was added at the anode, this Pil varied. 

After completion of this experiment, the electrodes were removed. 
The cathode was untouched but the anode was badly eaten away. The metal 
remaining was deep rad In color and resembled red copper oxide. The clay 
at the anode was greenish in color exoapt for the thin cylinder adjaoant 
to the anode, which was deep red in color. At both electrodes the clay 
was of granular consistency. 

the HI increased from 10,05 to 11.2 over a period of about forty 
hours. 

The liquid and plestlo Units increased es shown below j 



At the anode: 



Plestlo limit 



Liquid limit 



original clay 
treated clay 



21.4* 

26. * 



31.2* 

39.5* 



At the cathode: 



Plastic limit 



Liquid limit 
31.2* 
56.5* 



original clay 
treated olay 



21.4* 

41 . 2 * 
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ANODE CATHODE 



COPPER 



CQLCLUSlQKo 



The object of this series of experiment# waa to determine the 
cations driven off and the order in which the/ oamo off. In the firet 
experiment, calcium cations were driven off first and later magnesium 
cations. In the second and third experiments, only the calcium cations 
ware driven off. Little, if any, indication of the relative order of 
replacements of cations can be determined from these results. Indica- 
tions are that this clay is saturated with calcium cations. 

There are several phenomena which were apparent in each of the 
preceding experiments, some of which may tie in together. It Is the 
author's opinion that they do. 

although the liquid and plastic limits of the clay ware Increased 
at both the cathode and the anode, the greatest increase by far was at 
the cathode. Coupled with this is the fact that there is a high con- 
e ant rat ion of OH ions at the cathode. This seems to indicate that the 
OH Ians may in some way cause a change la the clay structure. In addition, 
e strong concentration of calcium was also present at the cathode. Here 
we here the faetore which could cause the changes in the day as indicated 
on pages 7# 8. and 9 of this work. 

There is another interesting phenomenon which could tie in with 
those above. During almost all of the experimental work, little or no 
oxygen wee observed cooing off at the cathode. This may assn that the 
oxygen combined with the metal of the anode to form a metallic oxide, or 
It may have entered into the lattice structures of the clay. It is 
poos ibis that both may occur. 

Contrary to the hypothesis set forth by Lt. Christensen that the 



•Utilization takes piece primarily by exchange of multivalent cations 
for cations of loner valence. It ic felt that little, if any, stabili- 
zation it doe to this. la an attempt, to evaluate the results of these 
experiments and previous work by others, the following hypothesis of 
what takes place la the electrics!, treatment of this clay is submitted. 

The electric current peasing through the water adsorbed on the 
clay causes electrolysis of the water resulting in oxygen and hydrogen 
Ions. Part of the oxygen freed in this wanner finds its way to the 
anode where It oxidises the metal of the anode. Another port may unite 
with the calcium loos released from the clay particles by the electric 
current which has partially neutralised the charge on the clay particle. 
This calcium oxide in the presence of water forms the calcium hydroxide 
which was present in *11 test samples. The calcium hydroxide is fairly 
insoluble and some ef it precipitates out uetssen tha clay micelles 
noting as a weak cementing materiel. Still another pert, if in Ionic 
form, may be bonded into the latties structure to fill out broken 
lattices. 

Some of the hydrogen thus liberated passes off es a gas at the 
cathode. Some of it rsaalns partially united with oxygen to form an 
hydro xl ion which may also attach Itself to the day micelles to fill 
out the lattice structure. In the esse of tha aluminum cathode, it 
may be assumed that some of the aluminum is eosfclned with ths bydroxl 
Ion to form eluminua hydroxide which was found around ths cathode. 

In tha cases of both copper and magnesium, me such action took place. 

It is felt that the increase in the liquid and plustle limits 

of clay is due primarily to three factors. 
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I irat by filling out broken lattice structure*, the broken- 
boo d water, which is bonded so tightly that it cannot be driven 
off at 120°F, and therefore does not show up In the moisture con- 
tent of the clay, is released from the clay. This water provided 
part of the adsorbed film, and its loss requires store placer water to 
obtain the same liquid and plastic limits. 

Second, the forces produced by the flew of electric current may 
split the f indumenta 1 structural units into sheets or break them trans- 
versely, thereby erecting additional surface forces which demand water 
(dipole) to satisfy. This additional water partially accounts for 
the increased liquid and plastic limits. 

Third, the assenting material deposited between the clay parti- 
cles, being a colloid, also has an affinity and demand for adsorbed 
water. This too adds to the increased water required to reach the 
liquid and plastic limits. 

It is impossible to tie the results down to anything more than 
a hypothesis until the structure of the clay before and after treat- 
ment ean be accurately determined. No attempt wi made to evaluate 
these results by Jenny's Hypothesis because nothing is known about 
thla day structure or the adsorbed ions. 
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3 

4 

5 

6 

7 
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9 

10 

11 

12 

13 



EXPERIMENT 1 



7 


I 


Tlae(hrs* ) 


PH 


Al 


Ca 


Mg 


MS 

a 


110 


1,0 


0 


8.72 


— , 


Trace 


— 


Trace 


110 


.9 


6 


10.03 


— 


Present 


« — 


Trace 


no 


.6 


17 


10*88 


— 


Fra sent 


— 


Trace 


no 


.4 


23 


10.65 


— - 


Present 


— 


Trace 


no 


0.7 


99 


U.20 




Preeent 


— 


Trace 


113 


0.5 


121 


n.35 


— 


Present 


— 


Trees 


113 


0.6 


145 


11.45 




Preeent 


Traoe 


Traoe 


113 


0.5 


169 


u.50 


— 


Preeent 


Present 


Trees 


no 


0.6 


193 


n.47 


— 


Present 


Present 


Trace 


no 


0.7 


200 


11.62 


— 


Present 


Present 


Trees 


no 


0.6 


213 


11.82 


— 


Present 


Present 


Trace 


113 


0.6 


221 


11.75 


— 


Present 


Trees 


Trace 


113 


0.7 


240 


U.87 


— 


Present 


Trees 


Trace 


* Preses 


ce of scdius India* 


itad 


in fleas 


test only. 
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Deposits at Anode 



A1 


Ca 


Kg 


Ha 


K 


Present 


Presi 


tat None 


fione 


Hone 



Deposit was a soft white powdery substance reported by other 
experimenter* e« Bauxite. 

Pepoeite at Cathode. 

A1 Ca Mg He K 

Present Preseat Mane Hone No&e 

Deposit wee e herd grey scale * ax rounded by soft jelly-like 
aluminum hydroxide. 
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Liquid and Plastic Li&lts 



ANODE 



Staplo 


Wt.of 

Cont, 


Ccat.fc 
Vet Clay 


Caat.lt 
Dry Clay 


wt.of 
Dry Clay 


wt.of 

water 


* Holst. 


HO. 

Blears 


L.L. 


1 


18.5240 


25.5791 


23.5140 


4.9900 


2.0651 


41.3 


13 


38.5* 


2 


12.7668 


18.3444 


16.7890 


4.0222 


1.5554 


38.7 


23 




3 


12.1154 


18.0559 


16.4465 


4.33U 


1.6094 


38.0 


35 




4 


12.9975 


17.8705 


16.8737 


3.8762 


0.9963 


25.756 - 


P.L. 





C&THOOR 
















Staple 


wt.of 

Cont. 


Coat.fc 
Wot Clay 


Coat, fc 
Dry Clay 


Wt.of 
D17 Clay 


Wt.of 

Bator 


* Holst. 


HO. 

Blows 


L.L. 


5 


12.1870 


17.1634 


15.6715 


3.4845 


1.4919 


42.8 


19 


40.3* 


6 


11.5646 


17.2536 


15.6552 


4.0906 


1.5984 


39.0 


32 




7 


11.8174 


18.6766 


16.7312 


4.9138 


1.9454 


39.6 


25 




8 


12.2686 


16.4713 


15.6136 


3.3450 


0,8577 


24.9* - 


P.L. 
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Itotgiesita Electrodes - Analysis of water at cathode. 



Oawple 


V 


i 


Tim (bra. ) 


PH 


A1 


ca Kg 


Stt 


1 


1X0 


1.0 


0 


8.72 


— 


Treee — 


Trace 


2 


no 


1.0 


4 


11.24 


— 


Preeeat — 


Trace 


3 


no 


0.9 


8 


n.34 


— 


Present — - 


Trace 


4 


no 


0.8 


33 


11.57 


— 


Present — 


Trace 


5 


no 


0.8 


44 


n.83 


— 


Present — 


Trace 
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Liquid aad plastic Limits 



AKOIE 



Sample 


Wt.of 

Cost. 


Cemt.fc 
Wet Clay 


Cemt.fc 

Dry clay 


Wt.of 
Dry Clay 


Wt.of 

Water 


£ Moist. 


Wo. 

Blows 


L.L. 


9 


12.4744 


17.3481 


16.0323 


3.5579 


1.3158 


37 


40 




10 


19.2157 


27.6597 


25.2401 


6.0244 


2.4196 


40.2 


16 


38.5% 


11 


12.5501 


17.6515 


16.3272 


3.4771 


1.3243 


38.1 


23 




12 


19.6940 


26.7873 


25.3897 


5.6957 


1.3976 


24.5* - 


P.L. 





CATHODE 














Sample 


Wt.of 

Cent. 


Comt.fc 
Vat Clay 


Comt.fc 
Dry Clay 


Wt.of 
Dry Clay 


Wt.of 

Watsr 


£ Heist. 


Ho. 

Blows L.L. 


13 


20.1950 


27.7202 


25.1850 


4.9900 


2.5352 


50.8 


32 


14 


19.8453 


27.2548 


24.6417 


4.7964 


2.7131 


56.5 


26 53.76 


15 


19.7224 


27.9357 


24.9843 


5.2619 


2.9514 


56.1 


12 


16 


19.6261 


24.1851 


23.0551 


3.4235 


1.1300 


3336 - 


P.L. 
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Percent’ 



KXKHUCMT 3 



Coppar Klactrodaa - AgMlyala of watar at oatboda. 



Saapla 


V 


i 


Tiaa(bra. ) 


Hi 


A1 


o 


M« Kt 


1 


no 


1.0 


0 


8.72 


— 


Trace 


— fnee 


2 


no 


0,7 


H 


10.05 


— 


Pre*«nt 


rraca 


3 


no 


0.7 


23 


n.oo 


— 


Preaent 


— Time* 


4 


no 


0.6 


35 


11.05 


— 


Preaant 


— Trace 


5 


no 


0.6 


58 


n .20 


— — 


iTaseat 


— Tree# 
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Liquid acd plestio Halts 



ABODE 



JBapls 


Wt.of 

Coat. 


Coat >4 
Wat Clay 


Coat •& 
Dry Clay 


wt.of 
Dry Clay 


wt.of 

Katar 


* Moist. 


Ha. 

Blows L. la. 


21 


11.5646 


17.2564 


15.5510 


3.9664 


1.7054 


42.2 


15 


22 


11.8174 


16.7766 


15.3738 


3.5564 


1.4028 


39.4 


25 39.5* 


23 


12.4744 


1B.2754 


16.6773 


4.2029 


1.5961 


38.0 


35 


24 


12.1870 


16.2765 


15.4181 


3.2311 


0.8584 


26.8* - 


P.L, 



CAtdcm 

It .of 


Coat.lt 


Coat.lt 


Wt.of 


Wt.of 


HO. 


saapla 


Cast. 


1st Clay 


Dry Clay 


Dry Clay 


Watar * Moist. 


Blows L.L. 


17 


12.7668 


17. IS 81 


15.6351 


2.8683 


1.5530 54.1 


35 


IS 


12. 1154 


16.2836 


U. 7559 


2.6705 


1.4977 56.0 


24 56.5* 


19 


12.2686 


17.2946 


15.3697 


3.1011 


1.9249 62.0 


12 


20 


12.9975 


16.6557 


15.5859 


2.5884 


1.0648 41.2* - 


Pals* 







Percent Mo/s tu re 



Logarithm af number ot b/t? ws 



BIBLI AhtAPHY 



Barer, L.D. , "Soil Physics , 1940, Joan iley &, 

Sons, Inc. 

Casagrande, Ur. L. , ’’The Application of bleetro- 
Oamosis to Practical Pr-oblo 10 ". 

Casugrande, Dr. L. , "Electro-Osmosis’*, {Art. 1). 
Translated from Gorman in the Technical Services 
Division, Bureau of Yards and Docks. 

Christensen, . J. , "Preliminary Investigation of Clay 
Stabilization by £.leotro-03aosis", Thesis, kensae- 
laer Polyteobnio Institute, i'J-vd, 

Endoll, Dr. K., "JSleotro-Osmosis", (Art. 2). Trans- 
lated from Gerr.an in the Technical Services Divi- 
sion, Bureau of Yards and Docks. 

.ndell, K. and Hoffman, U., "Kleotro-Chemicai Hard- 
ening of Clay Soils". Proceedings International 
Conference of Soil Mechanics, Vol. 1, 1936. 

Jiueil, K. and Hoffraan, U. "The Chemical Nature of 
Claya". Proceedings International Conference of 
Soil Mechanics, Vol. 1, 1936. 

aoobar, J. 1., "Electrical Soil Drainage'*. Johool 
of Engineering, Princeton University. 

Hayes, Col. T. L. , "Electrioal Drainage in Ssoden 
and Holland", Engineer Liaison Officer Report, 
London, England. 

Van ffouten, L. E • , "Preliminary Investigation of 
Slsotro-Cher.loal Method of Stabilization of Clay'. 
Thesis, Rensselaer Polytechnic Institute, 194.7. 

Winterkorn, H. F. ’Theoretical Treatment of xileotro- 
Osmotio Phenomena", Report, Bureau of Yards and 
Docks • 




1 C 3 1 




Thesis 7479 

37 Stephenson 

Stabilization of 
clay soils by electri- 
cal m thoas. 








thesS7 

Stabilization of clay soils by electrica 




3 2768 002 02269 1 

DUDLEY KNOX LIBRARY 



' • t 




